The greatest source of human exposure to methylmercury (MeHg) is the diet, in particular the consumption of seafood. To investigate the importance of dietary MeHg speciation on neurotoxicity, balb/c mice dams were exposed to MeHgCys (the naturally-occurring salt) and MeHgCl (the laboratory salt), at concentrations up to 4.5 mg/kg, for 11 weeks (inclusive of 3 weeks gestational and 2 weeks post-partum exposure). Impacts of developmental exposure were assessed in their offspring by monitoring transcriptomic (brain gene expression via microarray and quantitative PCR), tissue mercury (Hg) accumulation, and neurobehavioral endpoints. There were no differences in tissue Hg accumulation between the two forms of MeHg presented, but differences in pup behavior and gene expression endpoints were noted. For example, MeHgCl, but not MeHgCys, impaired pup activity in an open field assessment. Similar impacts of MeHgCl were noted in adults. A total of 131 genes were differentiallyregulated in pup brains following maternal exposure to MeHg, 50 of which were specific to MeHgCys and 35 specific to MeHgCl. Regulated genes were significantly enriched for several annotation categories including metal/zinc-binding and transcription regulation. In contrast few antioxidant genes were differentially regulated. This analysis provided insight into mechanisms by which MeHg may impair cellular processes in addition to behavioral impairments such as those associated with learning and memory. The results show differences between the toxic impacts of MeHg species, and also highlight the potential utility of an integrated approach incorporating gene expression with behavioral endpoints.
The perils of methylmercury (MeHg) in the human food chain have been unequivocally demonstrated by the historical poisoning episodes of Minamata Bay and Iraq. These incidents featured acute, high level MeHg exposure (fish of the Minamata incident had levels of MeHg as high as 35 mg/kg; Harada, 1995) and severe symptoms, particularly in the nervous system of gestationally-exposed children (Clarkson, 1993) . Seafood is the major source of human exposure to MeHg. In Europe MeHg levels in fish average 0.1 mg/kg, although this figure varies widely depending on the species consumed (EFSA, 2004) . There is ongoing debate as to whether chronic exposure to MeHg in seafood poses a significant risk to the developing nervous system.
Epidemiological studies investigating chronic MeHg exposure offer contrasting conclusions. A long-term study in the Seychelle Islands has not been able to discern any consistent neurological impact of exposure to MeHg-contaminated seafood (e.g., Davidson et al., 2008) . Conversely, a similar study conducted in the Faroe Islands highlighted subtle neurological impairment in children, attributed to their in utero exposure to MeHg (Grandjean et al., 1997) . Impacts of prenatal exposure of this cohort were still evident at 14 years of age (Murata et al., 2004) , even when adjusting for the beneficial effects of maternal fish consumption (BudtzJørgensen et al., 2007) . These two study populations are estimated to have received similar MeHg doses (Chan et al., 2003) , yet the impacts of their exposure differed. These discrepancies are difficult to explain, in part because of a surprisingly poor knowledge regarding the mechanisms by which MeHg induces its toxic actions on the nervous system (Aschner and Syversen, 2005) . Understanding may be further compromised by laboratory exposures that fail to adequately reflect the environmental exposure pathway (e.g., in terms of natural exposure route and MeHg speciation; see below).
A characteristic of acute MeHg exposure is the wide range of resulting toxic impacts. For example, at a cellular level MeHg is known to impair neuronal migration, promote apoptosis, and disrupt astrocyte glutamate metabolism (Aschner and Syversen, 2005) . At a biochemical level MeHg toxicity has been attributed to the production of reactive oxygen species (ROS; Yee and Choi, 1996) and the strong binding affinity of MeHg for the thiol (-SH) moiety critical to protein structure and function (Mullaney et al., 1994) . Thiol group perturbation and ROS production appear to be common responses of both adult and developing nervous systems to MeHg exposure. However, the toxic impacts of exposure during development are substantially greater, and the regional patterns of disruption are distinct, when compared to adult exposure (Aschner and Syversen, 2005) . In general these patterns of toxic impact also bear little resemblance to patterns of MeHg accumulation (Aschner and Syversen, 2005) . This suggests much is still to be learnt regarding the mechanisms of MeHg toxicity. Of particular note is a lack of molecular information, which may provide a vital mechanistic link between biochemical and cellular impacts. In recent years the value of large-scale gene expression analysis for identifying putative pathways of impact and modes of neurotoxic action has become evident (e.g., Vrana et al., 2003) . Microarray technology offers the ability to examine a wide range of cellular pathways simultaneously, permitting the identification of impacted genes, and highlighting those pathways most sensitive to perturbation. As such the use of a toxicogenomic approach is well suited to the study of MeHg, a toxicant with multiple impacts and mechanisms of toxicity.
The majority of laboratory exposures conducted with MeHg have utilized the commercially available chloride salt (MeHgCl) . Recent studies have shown that MeHg in fish is complexed to cysteine (MeHgCys; Harris et al., 2003) . MeHgCl is more hydrophobic than MeHgCys (Harris et al., 2003) , and has been found to differ from MeHgCys in terms of both bioavailability (Berntssen et al., 2004) and toxicity (Berntssen et al., 2004; Harris et al., 2003; Oyama et al., 2000) . It is not known whether these differences persist in gestationally-exposed animals.
The present study aimed to determine the effect of MeHg speciation (MeHgCl vs. MeHgCys) on its toxic impact in developmentally exposed mice. Owing to the similarity of their dose-effect relationships and pharmacokinetics, mice are considered good models for human developmental neurotoxicity (Lewandowski et al., 2003) . Exposure occurred via the natural route of intoxication-the diet. Endpoints such as accumulation, behavioral impacts and changes in brain gene expression were monitored.
MATERIALS AND METHODS
Diets. Rodent feed was prepared in-house, using powdered casein as the protein source, olive oil as the lipid source (18% of diet), and a standard commercial vitamin and mineral supplement (AIN-93G; Dyets, Inc., Bethlehem, PA). MeHgCys was prepared according to the method described by Taylor et al. (1975) . Briefly, a stock solution of MeHgCl (Sigma Aldrich, Norway) dissolved in 96% ethanol was added in a 1:1 molar mixture to a stock solution of L-cysteine (Sigma Aldrich) dissolved in water. Aliquots of the resulting MeHgCys, or the stock MeHgCl, solution were then added to the powdered diets as appropriate. The volume of fluid was adjusted using ethanol and water such that each diet received the same volume (approximately 10 ml/ kg of diet) and ethanol concentration (50%). The control diet had only 50% ethanol added, while a 50% ethanol solution containing the molar concentration of cysteine found at the highest dose level was added as the cysteine-control diet. This resulted in six diets: Control; Cysteine; low MeHgCl (~1.5 mg/kg); low MeHgCys (~1.5 mg/kg); high MeHgCl (~4.5 mg/kg); and high MeHgCys (~4.5 mg/kg). These MeHg concentrations were based on literature reports of similar dietary exposures to mice (e.g., Stern et al., 2001; Thuvander et al., 1996) . Translating dose in animal studies to human exposures is challenging, however the accumulated doses achieved in this study were equivalent to those in environmentally exposed human populations (see Discussion). The MeHgCl stock was used for all batches of feed, while the L-cysteine and MeHgCys solutions were made fresh each day.
Animals, exposure, and tissue sampling. Balb/c mice were obtained from Taconic, Inc. (Denmark), and females were housed two or three per cage for 10 days prior to receiving experimental diets. Thuvander et al. (1996) previously used balb/c mice as a model for studying gestational MeHg exposure, providing a template for aspects of the exposure protocol in the present study. A total of five dams (with the exception of the control group, which had seven dams) were exposed to each experimental diet, and were supplied with tap water ad libitum. Mice were housed in temperature-and humidity-controlled rooms, under a 12:12 day:night cycle. Two weeks following mating (which occurred during week 6) dams were moved from communal cages and housed individually, where they remained until sacrifice at 15 days post-partum (see below). Cages were randomly distributed within racks to account for any environmental variations.
Mice were fed ad libitum on experimental diets for a period of 11 weeks (6 weeks prior to and during mating, 3 weeks during gestation, 2 weeks following birth). This length of exposure should have ensured a plateau MeHg concentration in the blood of exposed dams (Magos and Butler, 1976) . The consumption rates of dams were monitored during the experiment, with individual consumption estimated by dividing total cage consumption equally among occupants when multiple animals were housed per cage. One adult female in the high MeHgCys group showed overt signs of adverse effects to the treatment and was euthanized in the ninth week of exposure. Fifteen days postpartum, following the conclusion of the final behavioral analyses, adults were anesthetized using a medetomidine/ketamine mixture (Domitor, Orion Corp., Turku, Finland/Ketalar, Pfizer Inc., New York, NY), before being sacrificed by cervical dislocation. Brain, liver and animal weights were recorded and brain and hepatic somatic indices were calculated (tissue weight/body weight). Brain and liver tissue was snap frozen in liquid nitrogen, and stored at À80°C until chemical or gene expression analyses (see below).
Behavioral analysis. Pups born to mothers exposed to experimental diets were subjected to a selected range of behavioral assays, performed by a single analyst unaware of the experimental treatments. Righting reflex (the capacity of the pup to return all four limbs to the testing surface after being placed on their back) was examined at postnatal days (PND) 3, 6, and 9. All mice in a litter were tested, and scored a 1 if they exhibited an adult response (righting observed within 10 s). The mean litter response was calculated to provide the litter score which was the subsequent unit of statistical measure (Folven et al., 2009) . Immediately after righting reflex determination, pups were weighed as a measure of physical development.
Ultrasonic vocalizations of pups were assessed at PNDs 6, 9, 12, and 15, following the assessment of physical and reflex development. Pups were removed from the nest one at a time, and transferred to a separate room for analysis. Here they were placed on a perspex surface at room temperature and calls were recorded for 5 min. The final 15 s of recording comprised ''provoked'' calls made while the pup was removed from the surface and gently handled. Calls were detected using an ultrasound detector (U30; Ultrasound Advice, London, UK) and collected using audio recording software (Acid Music 5.0; Sony, Tokyo, Japan). Recorded files were then converted to ''.avi'' format and imported into audio analysis software (Avisoft, Berlin, Germany) for determination of parameters related to the number of calls, call duration and call complexity (e.g., frequency changes, frequency maxima, and minima). Each of these parameters were analyzed during the first 30 s, the period between 240 and 270 s of recording and the ''provoked'' calling period during pup handling at the conclusion of recording. The total number of calls over the vocalization assessment was also noted. For qualitative measurements a maximum of 20 calls per interval were assessed. Two randomly chosen 390 GLOVER ET AL. pups per litter were analyzed each day, and calls for each pup in a litter were averaged. This litter average was used for statistical analysis.
At PND15 pups were tested for motor activity. They were placed at the center of a walled arena (area ¼ 900 cm 2 ), constructed out of black Perspex, demarcated into nine sections of equal area. Pups were monitored for 5 min during which time the number of sections they entered (both forelimbs placed in section), and the time at which any further exploratory activity ceased, were recorded. Scent cues were removed between trials.
On the day when their litters reached PND15 dams were also subjected to behavioral monitoring. This was performed in order to assess the relative susceptibility of adults versus pups, in accordance with the dogma surrounding the enhanced susceptibility of the developing animal relative to its parent (Aschner and Syversen, 2005) . Consequently dams were subjected to analysis of behavioral parameters similar to those of their offspring (excluding development analyses for obvious reasons). They were placed in the center of an elevated plus maze (closed arms: 40 3 10 3 10 cm; open arms: 40 3 10 cm) for assessment of anxiety and exploratory behavior over a 5-min interval (Walf and Frye, 2007) . Monitored parameters included time spent in open and closed maze arms, latency to initial movement, defecation (number of fecal boli) and urination (number of events). Trials were conducted in a room isolated from the main holding facility, and scent cues were removed from the maze between each trial.
Microarray. A total of 35 pup brains were analyzed for gene expression via microarray (Control, n ¼ 8; Cysteine, n ¼ 4; Low MeHgCl, n ¼ 10; Low MeHgCys, n ¼ 7; High MeHgCl, n ¼ 4; High MeHgCys, n ¼ 2). RNA was isolated from whole brains of PND15 mice using TriZol reagent (Gibco BRL, Paisley, UK), with additional purification using a RNA kit specific for lipid-rich tissues (RNeasy lipid kit; Qiagen, Crawley, UK). RNA purity and integrity were monitored by microcapillary electrophoresis (Agilent 2100 Bioanalyzer, Santa Clara, CA). Aliquots of RNA were taken from all samples and pooled to form a reference sample. Aminoallyl cDNA was synthesized using a combination of oligo-dT and random hexamer primers (Amersham, Amersham, UK), and fluorescently labeled by incorporation of Cy3 (reference) and Cy5 (sample; Amersham) dyes. Reference and sample dye-coupled cDNA was then hybridized to microarrays spotted with 35,852 65-mer oligonucleotide probes representing approximately 25,000 genes and approximately 38,000 gene transcripts (mouse OpArray , 4.0, Operon, Huntsville, AL) according to the manufacturer's protocol. Images of hybridized slides were captured (ScanArray Express; Perkin Elmer, Waltham, MA), analyzed, and an initial locally weighted scatterplot smoothing normalization performed (BlueFuse; BlueGnome, Cambridge, UK). The output data were subsequently imported into GeneSpring GX 7.3 for further normalisation and statistical analysis. Here data were first normalized ''per spot'' by dividing by the control channel (Cy3). Each gene was then normalized to the median and each chip normalized to the 50th percentile. Finally, gene expression data from treated animals were divided by that from the untreated control to generate fold-change values. Filtering of data started by excluding genes with ''Absent'' flags in more than 17 of the 35 samples and also limiting analysis to spots with signal intensity of > 250 in at least 20 samples. A fold-change filter was then applied to include only genes with a 1.5-fold or more change in at least one out of five comparisons. These restrictions left 6108 genes to be tested statistically by ANOVA (see below) for differences between groups.
Hierarchical clustering of individual samples suggested that samples from siblings were not more similar than samples within the corresponding experimental condition. Each pup was therefore treated as a biological replicate. Fold-change values for the 6108 genes that passed all filters were log 2 -transformed and subjected to a parametric ANOVA with variances not assumed equal (Welsh ANOVA). Statistically differentially expressed genes were those that passed Benjamini and Hochberg multiple comparison correction at a False Discovery Rate (FDR) of 5%. Inclusion of all six experimental groups in the ANOVA resulted in 131 differentially-regulated genes, but it was not possible from post hoc tests to distinguish which of the six groups were different. Because of this limitation, differences between MeHgCltreated groups and control, and MeHgCys-treated groups and control were tested separately by ANOVA. Again post hoc tests did not reveal which of the dosage groups were different and, therefore, each group was tested against the control using a Welsh t-test at an alpha level of 0.05.
Genes statistically identified as being regulated by MeHgCl or MeHgCys treatment were uploaded to the web-based Database for Annotation, Visualisation, and Integrated Discovery (DAVID; Dennis et al., 2003) functional annotation tool and analyzed for enrichment of Gene Ontology (GO) terms and alternative functional and structural descriptors. The DAVID functional annotation tool uses a one-tailed Fisher Exact test to calculate significant enrichment of genes with a particular annotation within a gene list.
As a form of results validation, other MeHg and Hg data sets from largescale gene profiling studies were also clustered using DAVID to determine the overlap between the present study and previous investigations. Genes differentially regulated by ''Methylmercury compounds'' and ''Hg'' were obtained from the Comparative Toxicogenomic Database (CTD; retrieval July 2008), while genes extracted from National Center for Biotechnology Information (NCBI) GEO data sets GDS635, GDS636 were also clustered. The GEO data sets comprised genes identified by microarray analysis as being differentially expressed in the forebrain of embryonic mice born to CD1 dams injected with a single 5 mg/kg MeHg dose 9 days postcoitum. Brain tissue from these GEO data sets was collected 1.5-24 h following dosing. The CTD data sets are based on multiple literature reports of toxicant interaction with gene expression across a number of organisms and comprised 209 genes for the Hg data set and 262 genes for the MeHg data set.
Quantitative polymerase chain reaction. A number of transcripts were selected for analysis of abundance by qPCR to verify the capacity of developmental MeHg exposure to regulate genes in the functional clusters identified by annotation enrichment analysis on DAVID. Genes were selected that corresponded to the functional clusters related to metal/zinc binding (Xdh, Brpf1, Prim1, Bhmt2) and transmembrane disposition (Bdkrb2, Fmo3) identified by DAVID analysis of the data from the present study. Some of the selected genes were chosen because they corresponded to functional clusters identified by DAVID analysis of other MeHg exposure data sets as being particularly affected by MeHg exposure (Nucleic acid-binding: Wasl, Hk3). None of the chosen genes appeared on the final list of significant genes (Supplemental Table 1 ), but all displayed expression changes that were 1.5-fold different from control. These genes were either very close to the significance criteria or significant when all genes on the array were tested, but were excluded during the filtering process. Therefore, a positive identification of the selected genes as being significantly regulated by MeHgCl or MeHgCys, as measured by qPCR, was regarded to validate the conclusion that these functional categories of genes were, indeed, preferentially affected.
Total RNA (125 ng ± 5%) from brain tissue samples (see above) was subjected to quantitative RT-PCR. The RT reaction (oligo dT primers, 2.5lM; random hexamer primers, 2.5lM; MgCl 2 , 5.5mM; dNTPs, 500mM each; Taqman RT buffer [103] ; RNase inhibitor, 0.4 U/ll and Multiscribe reverse transcriptase, 1.67 U/ll, Applied Biosystems, Foster City, CA) was performed at 48°C for 60 min on a GeneAmp PCR 9700 machine (Applied Biosystems).
Complementary DNA from the RT reaction was incorporated into a PCR reaction mix (cDNA, 2 ll; LightCycler 480 SYBR Green master mix kit, Roche Applied Sciences, Basel, Switzerland, 10 ll; primer assay, QuantiTech, Qiagen, 2 ll; deionized water, 6 ll) and subjected to PCR using a LightCycler 480 Real-Time PCR System (Roche Applied Sciences), with the following protocol: activation for 5 min; heating to 95°C for 10 min; 45 cycles of 15-s denaturation at 95°C; 60 s of annealing at 55°C (set according to the primer specifications); 30 s of elongation at 72°C. The efficiency values were calculated using twofold serial dilution curves of the total RNA, where the concentrations were ranging from 15.6 to 500 ng/ll. Cycle threshold values were calculated using the second derivative method. 18S rRNA was selected as the reference gene and was used to calculate the mean normalized expression with the qGene tool (Muller et al., 2002) .
Mercury analysis. Liver (pups and dams) and brain tissue (MeHgClexposed pups only), and subsamples of feed were initially subjected to microwave digestion in concentrated nitric acid and hydrogen peroxide, before being analyzed for total Hg using inductively coupled plasma mass METHYLMERCURY SPECIATION IMPACTS NEUROTOXICITY 391 spectrometry (Agilent quadrupole 7500C, Yokogawa Analytical System, Inc., Tokyo, Japan). Rhodium was used as the internal standard, with a certified reference material (Dogfish muscle, DORM-2, Ottawa, Canada) to assess accuracy (Julshamn et al., 2007) . Brain tissue was analyzed for MeHgClexposed pups only owing to the limited tissue available for analysis in the MeHgCys group. The limit of quantification was 0.03 mg/kg dry weight.
Statistics. Nonarray data (tissue burdens, feeding, breeding, pup indices, behavior, and qPCR vs. array gene expression) were assessed by KolmogorovSmirnov analysis to test assumptions of normal distribution. Thereafter significant effects were assessed using one-way ANOVA, followed by leastsignificant difference (LSD) post hoc testing at an alpha level of 0.05 (Statistic ver. 5.1; StatSoft, Tulsa, OK). ANCOVA was initially employed for behavioral data, but not applied in the final analysis owing to the relatively small intralitter variability relative to the interlitter variability, resulting in a minor increase in power but a comparatively large loss of degrees of freedom. For statistical analysis of microarray data, see the ''microarray'' subsection above.
RESULTS

Hg Levels in Diets
The total Hg content of the experimental diets is provided in Table 1 . Control diets (no added MeHg) had Hg levels less than 0.4 mg/kg, the low supplementation resulted in levels of 1.5 mg/kg, while concentrations of~4.5 mg/kg wet weight were recorded for the high supplementation groups. There were no significant differences in Hg levels between the matched MeHgCl and MeHgCys groups. Mice in all groups consumed the provided feed at a rate between 125 and 150 g food/kg body weight/day. This resulted in doses in the ranges 223-250 and 596-629 lg/kg body weight/day for the low and the high exposure groups, respectively (Table 1) .
Survivorship, Breeding, Tissue Indices, Physical Development, and Reflex Behavior The high exposure diets (4.5 mg/kg for 9 weeks at time of parturition) had an impact on pup survivorship (Table 2 ). In both the MeHgCl and MeHgCys group three litters were either stillborn, or were spontaneously aborted. There was no significant difference in mean litter sizes between the exposure groups. Pups born to dams exposed to the low MeHgCys group did, however, exhibit a significantly higher body weight (average of mean litter weights) at day 12 compared to its control (p ¼ 0.0497; data not shown). This effect did not persist beyond day 12. Other physical body indices such as liver somatic index and brain size did not differ between exposure groups. Similarly, there were no significant differences in pup righting reflex responses measured during the study.
Tissue Accumulation
Tissue accumulation of Hg corresponded to dietary regime. Hepatic Hg accumulation in pups, for example, followed the pattern of MeHg in the maternal diet with exposure to the highest MeHg diets yielding the highest burden, and those subjected to low doses accumulating an intermediate burden (Fig. 1A) . A similar pattern was observed in both pup brain ( Fig. 1B ; MeHgCl groups analyzed, only) and dam liver (Fig.  1C) . Pup brains accumulated 0.25 ± 0.01 mg/kg wet weight with no saturation noted, a pattern also seen in pup liver where levels reached 1.0 ± 0.5 mg/kg wet weight. Dam Hg liver levels were about 20 times higher (21 ± 3 mg/kg wet weight) than those of the pups, but were again dose dependent. At no exposure level in any monitored tissue were any differences in accumulation between MeHgCl and MeHgCys exposure groups noted.
Pup Behavior
Detailed qualitative and quantitative analysis of pup ultrasonic vocalizations failed to discern any significant differences attributed to maternal diet. However, assessment of pup open field activity did detect significant differences. Pups exposed to the low MeHgCl diet displayed a significant decrease in activity (number of apparatus sections entered) and Note. No significant differences were detected in mean litter sizes among groups (ANOVA, a ¼ 0.05). Each group was initiated with n ¼ 5 dams, with the exception of the Control group with n ¼ 7.
a Birth numbers in these groups were impacted by spontaneous abortion, stillborn pups, or post-partum death.
this activity ceased more quickly than in the control group ( Figs. 2A and 2B) . The low MeHgCys group did not differ from the cysteine control, nor was their response significantly different from the corresponding MeHgCl group. Pups placed in the testing chamber would almost always respond immediately by exhibiting rapid locomotor activity in an apparently random direction. Pups would then cease activity spontaneously, or upon reaching a wall of the arena. Some pups would engage in further short bursts of activity. Although the arena resembled an open field activity apparatus, pups at the tested developmental stage (PND15) did not exhibit standard adult-like exploratory behavior (e.g., grooming, rearing, defecation; Cuomo et al., 1996) . in an openfield apparatus. Significant differences relative to control diets (*) were determined at the a¼ 0.05 level using one-way ANOVA, followed by LSD post hocanalysis. Plotted histogram points represent the mean ±SEM of the four to six litter averages represented by the filled circles.
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Adult Behavior
Female adult mice, exposed to experimental diets for a total of 11 weeks, were assessed for their behavior in an elevated plus maze. No differences related to relative time spent in open versus closed arms were noted. However, mice exposed to the high MeHgCl diet did exhibit reduced exploratory activity compared to the control (Fig. 3A) . This group also displayed an increased latency to move from the center section they were initially placed in (Fig. 3B ). This effect was significantly different from mice receiving the control diet (effect of dose) and the matched MeHgCys diet (effect of diet speciation).
Transcriptomic Analysis of Pup Neural Gene Expression
Transcripts corresponding to 25,765 probes were ''present'' on the arrays based on flags (marginal or present) and hybridization intensity (> 250). A total of 6108 transcripts passed quality control and ! 1.5-fold change filters and were subjected to statistical analysis. Of these genes 131 were determined to be significantly (FDR ¼ 0.05) differentially regulated (expression level ! 1.5-fold different from control), and of these 82 were annotated or could be identified after BLAST search for the 65-mer oligonucleotide sequence in NCBI databases (Supplementary Table 1 ). The expression of these genes across the exposure groups is demonstrated graphically in Figure 4 . Few significantly regulated genes showed more than twofold difference from the control and all genes were less than fivefold regulated. All regulated genes were subjected to analysis by DAVID, and a number of functional groups were identified as being significantly enriched in pup brains following gestational MeHg exposure ( Fig. 5; Table 3 ). These included groups related to zinc/metal ion binding (including zinc finger proteins), transcription regulation, cell division, methylation, and those containing a tetratricopeptide domain.
Of the 131 differentially regulated genes identified, 50 were regulated only by maternal dietary exposure to MeHgCys, 35 only in response to MeHgCl exposure, two were specific to the cysteine-control diet, with the remainder exhibiting change in response to treatment combinations (Fig. 6) .
A simple correlation analysis was performed to assess if gene expression in pups exposed to MeHgCys corresponded to that in pups exposed to MeHgCl. This analysis showed that there was a poor correlation between genes in groups exposed to MeHgCl and those exposed to MeHgCys, at both low (r 2 ¼ 0.03; data not shown) and high (r 2 ¼ 0.09; data not shown) dietary MeHg levels. Hierarchical clustering of the gene expression data on conditions showed that the gene expression profile for the high dose of MeHgCl was most similar to that of the group receiving the low MeHgCys dose. It further showed that the low MeHgCl and high MeHgCys groups were substantially different from each other and also other treatment groups (Fig. 4) .
While there was a relatively poor correlation between gene expression levels in the MeHgCys and MeHgCl exposure groups at an individual gene level, annotation enrichment analysis showed that at a functional level, there were similarities between the effects elicited by the two MeHg compounds (Table 3) . Functional clusters related to transcriptional regulation were common to all three exposure groupings examined (genes appearing in MeHgCl only, MeHgCys only, and those appearing in both groups). Intracellular-related genes were enriched in the MeHgCl and MeHgCys exposure groups and could also be identified in previous gene data sets obtained from MeHg and Hg exposure, but not in data pertaining to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure (CTD data set; see ''Materials and Methods''). Similarly, cellular component localization was an enriched functional cluster among those genes differentially expressed in both MeHgCl and MeHgCys, as well as a previous dataset related to FIG. 3 . Impact of dietary MeHg exposure as MeHgCl (open hatched bars) or MeHgCys (gray hatched bars) on adult exploratory behaviour (A) and latency to commence exploration (B) in an elevated plus maze. Significant differences relative to control diets (*) and between exposure species ( †) were determined at the a¼ 0.05 level using one-way ANOVA, followed by LSD post hoc analysis. Plotted points represent the mean ±SEM of four to seven replicates.
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gestational exposure to MeHg in mice. Metal/zinc-binding was a cluster common to both MeHgCl and MeHgCys exposure. Distinct clusters of genes significantly regulated by MeHgCl included those related to immunoglobulin, and transmembrane disposition, while methylation genes and those involved in protein metabolism were distinct to MeHgCys exposure. Among those genes appearing in both of the two exposure species, were those with functions related to the cytoskeleton/ microtubules, and multicellular development.
Quantitative PCR Analysis of Pup Neural Gene Expression
Quantitative PCR analysis of selected genes was used to verify the effects of MeHg on functional gene categories identified by microarray analysis as being significantly enriched. Three of the nine comparisons assessed showed significant differences relative to the control as determined by qPCR (Fig. 7) . The corresponding genes from microarrays were not on the final lists of regulated genes due to reasons related to data filtering (see ''Materials and Methods''). This suggests that the statistical treatment of microarray data was conservative and generated a relatively large Type II error. Indeed, 545 genes were deemed significant by ANOVA at an FDR of 5% if no filters were applied to the complete normalized data set. This compares with the 131 genes called significantly regulated using the same statistics on a filtered dataset. However, using qPCR we were able to confirm that ''metal and zinc binding'' was an important category affected by MeHg exposure.
DISCUSSION
The current study investigated the neurotoxicity of MeHg to mice at the most susceptible life-stage, utilizing an environmentally-relevant chemical form via a natural pathway of exposure. The experimental levels chosen were designed to represent a worst-case scenario of chronic exposure and resulted in accumulated Hg levels in brains of mice pups (up to 0.25 mg/kg; Fig. 1B ) that were comparable to values from human autopsy samples. Mean Hg levels recorded for a variety of brain regions in occupationally-exposed human populations ranged from 0.19 to 2.96 mg/kg (Falnoga et al., 2000) , while values as high as 0.18 mg/kg have been measured in the   FIG. 4 . Heat map showing gene expression of genes significantly differentially regulated in at least one exposure group relative to the untreated control. Values less than 1 (blue) represent downregulated genes, while values greater than 1 (yellow) represent upregulated genes. The heat map was generated using MultiExperimentViewer (Saeed et al., 2003) , with hierarchical clustering performed via Pearson Correlation using the average linkage method. This data is based on the following n values: Control, n¼ 8; Cysteine, n¼ 4; Low MeHgCl, n¼ 10; Low MeHgCys, n¼ 7; High MeHgCl, n¼ 4; High MeHgCys, n¼ 2.
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No significant differences in tissue accumulation between MeHgCl and MeHgCys were noted in the current study. Previously, it has been suggested that differences in lipophilicity may facilitate the absorption of MeHgCl, the more hydrophobic salt, across the lipid membrane of the gut, while contrastingly MeHgCys may form clusters in the gut, limiting absorption (Berntssen et al., 2004) . Potentially counteracting this effect is the suggestion that MeHgCys could move across epithelia by a facilitated pathway shared by small peptides (Bridges and Zalups, 2005) . Gut chemistry may also further account for the lack of difference in bioavailability between the two MeHg species. The low pH, high chloride environment FIG. 5 . Heat maps showing expression of genes from the most significant functional annotation categories identified as being enriched in pup brains following MeHg exposure (data combined for MeHgCl and MeHgCys exposure groups). Maps represents genes clustered in ''zinc finger''(A; SP_PIR_KEYWORDS; p¼ 0.006), ''regulation of transcription''(B; GOTERM_BP_ALL; p¼ 0.012), ''topological domain: extracellular''(C; UP_SEQ_FEATURE; p¼ 0.025), ''tetratricopeptide region''(D; INTERPRO; p¼ 0.056), ''biopolymer methylation''(E; GOTERM_BP_ALL; p¼ 0.018), and ''cell division''(F; SP_PIR_KEY-WORDS; p¼ 0.042) groups. The heat maps were generated using MultiExperimentViewer (Saeed et al., 2003) , with hierarchical clustering performed via Pearson Correlation using the average linkage method. This data is based on the following n values: Control, n¼ 8; Cysteine, n¼ 4; Low MeHgCl, n¼ 10; Low MeHgCys, n¼ 7; High MeHgCl, n¼ 4; High MeHgCys, n¼ 2. 396 GLOVER ET AL. encountered as MeHgCys transits through the stomach could result in the formation of MeHgCl (Harris et al., 2004) . The lack of effect of MeHg species on bioaccumulation was found in both adult and pup tissues, yet significant differences in toxicological endpoints between the two chemical species were observed.
Speciation-dependent effects of gestational MeHg exposure could be determined upon examination of activity in an openfield arena. MeHgCl-, but not MeHgCys-exposed pups exhibited reduced activity (Fig. 2) . Traditionally, activity in the open field is used as a measure of emotional reactivity and exploratory behavior (Cuomo et al., 1996) . However this assay is generally performed in older mice. In the current instance, the tested mice did not display typical adult behavior (see ''Results''), and it is therefore likely that the measured effects were more representative of locomotor activity endurance/ persistence. In a recent study, mice gestationally exposed to a low dose of MeHg through the maternal drinking water exhibited reduced motivation and increased depressive behavior (Onishchenko et al., 2007) , mimicking similar previous findings (Carratù et al., 2006) . These effects resemble those recorded in the present study, and suggest the results may derive from behavioral, as opposed to physiological, impairment.
The effects described in the current study for pups were similar, both in terms of exposure group affected (MeHgCl only) and the possible etiology of the impacts, to those obtained for adults tested in the elevated plus maze. The elevated plus maze is generally used as an indicator of emotional reactivity/anxiety in rodent models (Walf and Frye, 2007) . Anxiety has previously been noted as a symptom of MeHg exposure in some animal models (Eto et al., 2002) . In this study, however, significant effects of MeHg exposure in the elevated plus maze were more consistent with a change Note. þ Indicates that the functional cluster appeared as one of the five highest scoring functional clusters derived from analysis using DAVID (Dennis et al., 2003) . Shading of the entry indicates the significance value of the most significant annotation group within the cluster (black, p < 0.05; gray, p < 0.1; light gray, p > 0.1). See text and Supplemental Table 2 for more details.
a Data from the current study. Data from NCBI GEO data sets (''subset effects'' from data sets GDS635, GDS636). in exploratory behavior (increased latency to move and reduction in maze sections explored). This is an effect that has been previously described in rodents exposed to MeHg (e.g., Carratù et al., 2006; Cooper and Kusnecov, 2007) . Like pups, this is an impact that could be attributed to physiological impairment of motor activity, or due to behavioral factors (see above). It is unlikely that behavioral impairment of dams was responsible for the changes in endpoints observed in pups. Such effects have only been observed in the literature following acutely toxic doses significantly in excess to those used in the present study (25 mg/kg vs. < 2 mg/kg; Colomina et al., 1995) Despite extensive analysis of qualitative and quantitative characteristics of pup ultrasonic vocalizations, no changes could be detected that were attributable to MeHg exposure. A previous study, using a similar chronic dosing regime to that imposed in the present investigation, showed MeHg impacted a number of call parameters in rats (Elsner et al., 1990) . The lack of effect in mice may reflect a species difference. Rat vocalizations are considered indicative of affective state, whereas mice calls are believed more to guide social interactions (Portfors, 2007) . MeHg has not been previously been shown to impair social behavior in mice (although it is a difficult endpoint to measure; Cuomo et al., 1996) .
The results of microarray analysis provided new knowledge regarding the molecular nature of MeHg toxicity, but also confirmed many previously described effects. Impacts were not restricted to a single functional class of genes, in keeping with the generally wide-ranging impacts of MeHg exposure (Aschner and Syversen, 2005) . At an individual gene level there was little correlation in gene expression impact between MeHgCl and MeHgCys exposure groups. However, accounting for gene function, impairment of genes related to transcription regulation and those with an intracellular/cytoplasmic disposition was a consistent feature (Table 3) . Conversely, there were a number of functional clusters that were unique to a specific MeHg exposure species. It remains to be determined if the differences in clustering patterns are a function of high experimental variability and relatively low statistical power (particularly in the MeHgCys high exposure group), or whether these distinct pathways represent exposure species-specific mechanisms of toxic action. Distinct pathways of action would be consistent with the behavioral differences between exposure groups described above. It is, however, important to note that gene expression does not always translate to changes in the encoded protein (e.g., Anderson and Seilhamer, 1997) . Studies of protein expression and function will be required in the future in order to confirm MeHg-impacted pathways identified through gene expression profiling.
Perhaps the most notable feature of the functional cluster analysis was the prevalence of metal-binding nuclear transcription factors, such as zinc-finger proteins. These are known targets of metal toxicity (Hartwig, 2001 ), but not a recognized target of MeHg neurotoxicity. The finding of a MeHg impact on zinc-binding proteins has significant implications as over 2300 genes in the human genome (Ensemble-release 49) have a ''zinc ion binding'' Gene Ontology annotation, and the vast majority of these are zinc finger transcription factors. Toxic metals are thought to impair zinc finger proteins in part by displacement, or modified coordination, of zinc by the cysteinyl residues in the metal-binding domain of these proteins. Mercuric ions have previously been described as interfering with the function of zinc finger transcription factors (Rodgers et al., 2001) . The results from the present study suggest that this is also an effect of MeHg FIG. 6 . Venn diagram showing the distribution of significantly differentially expressed genes in mice pup brains following MeHg exposure through the maternal diet. To obtain separate gene lists for low-and high-dose groups, gene expression from each treatment was tested pairwise against the control, using Welch t-test (p<0.05) with Benjamini-Hochberg correction for multiple comparisons (FDR ¼ 5%). The number of replicates are for Control, n¼ 8; Cysteine, n¼ 4; Low MeHgCl, n¼ 10; Low MeHgCys, n¼ 7; High MeHgCl, n¼ 4; High MeHgCys, n¼ 2. Note that for simplicity of presentation not all gene relationships are shown.
FIG. 7.
Correspondence in gene expression data between qPCR (unhatched bars) and microarray (hatched bars). Significant differences (*) between qPCR and its control were determined by t-test at the a¼ 0.05 level. Plotted points represent the mean ±SEM of three to six replicates for qPCR, and 2 (High MeHgCys) to 10 (Low MeHgCl) replicates for microarray. 398 GLOVER ET AL. exposure, and should not be unexpected given the wellcharacterized affinity of MeHg for cysteine (Rabenstein and Reid, 1984) . The importance of zinc finger transcription factors in a wide gamut of cellular processes, particularly during development (Ladomery and Dellaire, 2002) , could provide an explanation for the pluripotency of MeHg impacts including its teratogenic potential.
Among the regulated genes, there was only one with recognized involvement in antioxidant defence. This gene was thioredoxin 1 (Trx1), which was 1.8-fold upregulated in the high MeHgCys group only (Supplemental Table 1 ). Oxidative stress has often been quoted as a principal mechanism of MeHg toxicity (e.g., Yee and Choi, 1996) , but there was little evidence from gene expression in the present study or, indeed, from the meta-analysis of GEO data sets, that this is the case in neural tissue of gestationally MeHg-exposed mice. It is, however, possible that the lack of induction of antioxidant genes was caused by insufficiency of the neural tissue to mount a defence against ROS that might have been generated by MeHg exposure. As we did not directly assess oxidative damage, such a scenario remains to be tested. It should also be emphasized that our study was temporally limited and assessed changes in expression on a whole tissue basis. It is possible that MeHg-impacted oxidative stress pathways at a distinct time, or its effects were localized to specific brain regions or cell-types, and may consequently have been overlooked. Recent literature reports suggest that mechanisms protecting against MeHg-induced oxidative stress differ between males and females (Malagutti et al., 2009) . Consequently, the gender-independent treatment of pups in the present study may have further impacted the capacity to detect changes associated with oxidative stress. Thus, while no evidence for oxidative stress being a principal mechanism for MeMg-induced neurotoxicity was found, the present study cannot exclude such a mode of action.
One clear result of the current study was the distinct, yet overlapping, gene profiles induced by the two forms of MeHg presented in the maternal diet. Similar MeHg species-specific impacts were observed in adult and pup behavior. These differences were apparently unrelated to differential accumulation between the two forms, at least at the whole tissue level. This finding is perhaps surprising given the likelihood that MeHgCl and MeHgCys would both be transported to the neural tissue as thiol complexes (Clarkson, 1993) . Although MeHg-thiol complexes are stable, they are also known to be highly labile, capable of exchanging with available free thiol groups (Rabenstein and Reid, 1984) . It is this lability that likely confers their bioreactivity. Further studies are required to determine the exact speciation of absorbed MeHgCl and MeHgCys in blood, and should differences exist, whether these bestow distinct bioaccumulation or bioreactivity properties. Importantly these results suggest that speciation of MeHg in in vivo studies may be have an influence on the experiment outcomes.
The present study utilized an integrated approach, incorporating accumulation data with behavioral and gene expression assays, to determine the impact of MeHg speciation in the maternal diet on developing offspring. Results from these analyses suggest that there is an important difference between MeHgCl (the salt traditionally used in laboratory studies of MeHg) and MeHgCys (the natural dietary form of MeHg) in terms of their toxic impact, although this is not manifested by changes in tissue accumulation. The present study also demonstrated the value of a toxicogenomic approach to examine mechanisms of toxicity, highlighting several potentially important molecular mechanisms of toxic action. Overall, despite the presence of overt toxicity, sublethal impacts were relatively minor. This has been noted previously with respect to behavioral impacts of gestational exposure to MeHgCys (Folven et al., 2009) .
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